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ABSTRACT 
Magnetic skyrmions are topological quasiparticles with great potential for 
applications in future information storage and processing devices because of their 
nanoscale size, high stability, and large velocity. Recently, the high-frequency 
properties of skyrmions have been explored for magnon nanodevices. Here we 
systematically study the dynamics of an isolated skyrmion under voltage excitation 
through the voltage-controlled magnetic anisotropy effect in a circular thin film. A 
theoretical model considering the demagnetization energy, which has often been 
neglected or treated superficially in previous skyrmion research but is demonstrated to 
have importance in determining the skyrmion dynamic state, is developed. With our 
model, the periodic oscillation of the skyrmion radius can be solved numerically with 
similar precision compared to micromgnetic simulations, and the characteristic 
frequency ( cf ) of the skyrmion breathing can be determined analytically with greater 
precision than previous studies. Furthermore, we find that the breathing skyrmion can 
be analogized as a modulator by investigating its linear modulation functionality under 
sinusoidal-form voltage excitation. Different from the conventional modulation system 
with complex CMOS circuits, this skyrmion “modulator” device integrates with both 
the modulation and carrier wave generation functionality, thus showing greater 
convenience and efficiency in applications. Our findings can provide useful guidance 
for both theoretical and experimental skyrmions research as well as the development of 
skyrmion-based magnonic devices with significant potential applicability in future 
communication system. 
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I. Introduction 
Magnetic skyrmions are topologically nontrivial, particle-like spin textures, which 
have been experimentally observed in B20-type bulk materials or ultrathin films 
exhibiting the Dzyaloshinskii–Moriya interaction (DMI) [1-3]. They have been 
extensively studied recently for potential applications in future information magnetic 
storage [4-6] and processing devices [7-9] because of their intrinsic properties of 
nanoscale size, extremely low depinning current density, and high motion velocity 
[10-12]. Detailed fundamental research is necessary for the development of devices that 
can exploit all these beneficial properties of skyrmions. An important component is the 
understanding of their dynamical excitations to utilize their characteristic properties 
and to manipulate them more efficiently [13-19]. Skyrmion breathing modes, in which 
the core of the swirling spin structure expands and compresses periodically over time, 
were first studied by micromagnetic simulations (MS) in skyrmion lattices [20] and 
then investigated experimentally in helimagnetic insulators [21]. However, theoretical 
study of skyrmion breathing is rare. For example, the properties of magnon modes 
localized on a ferromagnetic skyrmion were studied in Ref. [22], but the analytical 
result for the breathing-mode frequency of an isolated skyrmion was not validated. Ref. 
[16] derived and identified the precession frequency of a skyrmion but the DMI energy 
contribution was excluded. These studies neglected or imprecisely treated one of the 
most important energy contributions, the demagnetization energy (DE), or the stray 
field energy [16,22,23], as this energy term is difficult to treat analytically because of its 
nonlocal nature. 
Recently, pure electric field or voltage application has been proposed as an 
energy-efficient method to manipulate magnetism; it is very promising for the 
development of skyrmion-based devices [24-26]. Extensive research on the 
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voltage-controlled magnetic anisotropy (VCMA) effect has promoted deeper 
understanding of the underlying physical mechanisms as well as realizations of related 
skyrmionic device applications [27-30]. 
In this work, we study the dynamics of an isolated skyrmion under voltage excitation 
in a thin film with a large radius by MS and develop a theoretical model for determining 
the periodic oscillation of the skyrmion radius and the characteristic frequency ( cf ) of 
the skyrmion breathing mode. We compare the corresponding results in the absence and 
presence of the DE, which is demonstrated to have importance in determining the 
dynamic state of a skyrmion. Our analytical result demonstrates greater accuracy and 
robustness compared to those from previous studies [16,22]. Moreover, we find that the 
oscillatory skyrmion embraces the properties of the linear modulation, i.e., amplitude 
modulation (AM) function, similar to a conventional modulator but with higher 
efficiency and convenience. Our results could offer evidence and guidance for 
skyrmion-related theories and experiments as well as for the development of 
skyrmionic devices in future communication system. 
 
II. Results 
A. Theoretical Model 
We consider the case of a chiral magnetic skyrmion in the center of a circular 
ferromagnetic (FM) thin film with a large radius and perpendicular magnetic anisotropy 
(PMA). The skyrmion can be excited to the radially symmetrical magnon mode, or the 
so-called breathing mode, via the VCMA effect under an applied time-varying voltage, 
e.g., a sinc pulse voltage on the electrode gate, as illustrated in Fig. 1(a). In our 
configuration, we consider four contributions to the total energy of the system σ , 
 2ex DM d(1 )  f u zσ t Aε Dε K m ε dS       ,  (1) 
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where 2exε  m  with an exchange constant A , and DM z zε m m  m -m  with 
an interfacial DMI coefficient D . The third term of the integrand is the PMA energy 
with constant uK . The last term dε  is the DE density. Here, m  is the unit 
magnetization vector, ˆzm  m z  is the magnetization component normal to the 
surface of the film, ft  is the thickness of the FM layer, and the integration is performed 
over the whole area of the FM layer. In the spherical angular parametrization, where 
(sin cos sin sin cos )θ θ θm =   , the magnetization dynamics are well described by the 
Landau–Lifshitz equations, 
 2sin sin sin ,
s s
γ ε γ εθθ α θ θ αθ
M M θ
       
 
，   

 (2) 
where prime denotes the derivation of the indicated variable with respect to time. ε , γ , 
and α  represent the total energy density, the gyromagnetic constant, and the Gilbert 
damping parameter, respectively. 
In our theoretical model, the breathing mode of a skyrmion is described by 
considering the time-dependent skyrmion radius ( )R t  and angle ( )φ t , which is the 
azimuthal angle of the magnetization m  relative to the radial direction [see Fig. 1(b)], 
near their equilibrium positions ( ) sR t R  and ( ) 0φ t  . Here, ( )φ t  is assumed to 
remain consistent along the radial direction of the skyrmion. Substituting the ansatz of 
the skyrmion profile [31-34] [see Fig. 1(d)] into Eq. (2), we derive the following 
coupled differential equations (see Appendix B), 
 
1
2
( , ),
( , ),
s
s
γφ α R G φ R
M
γR α φ G φ R
M
   
    
  (3) 
where the functions 1( , )G φ R  and 2( , )G φ R  are related to the total energy of the 
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system (see Appendix B and C). Here, domain wall width   is defined as 
effA K   with 
2
0 2eff u sK K μ M  . Eq. (3) captures the properties of skyrmion 
breathing behavior more concisely and clearly than micromagnetic modeling can. 
In the following, the breathing dynamics of a skyrmion is studied by MS and 
analyzed by using our theoretical model. 
 
FIG. 1. Schematic of the model. (a) Schematic structure of the model. A voltage is 
applied on the electrode gate through an insulating layer to change the PMA of the FM 
layer. (b) The coordinates used in the theory. sR , φ , and χ  denote the equilibrium 
skyrmion radius, the azimuthal angle of the magnetization m  relative to the radial 
direction, and the (real space) polar angle, respectively. Here, χ φ  . (c) Variation 
of the PMA in the form of the sinc function in the FM layer. (d) Illustration of the 
circular domain wall ansatz. The plot shows the normalized perpendicular 
magnetization zm  as a function of position x  along the diameter of the skyrmion and 
defines the skyrmion radius sR . 
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B. Characteristics of breathing dynamics of a skyrmion. 
Based on the modeling above, MS are performed in a circular thin film with 
thickness 1 nmft   and radius 500 nmdR  , which is sufficiently large to avoid 
boundary effects. By applying a sinc pulse voltage to the electrode gate with radius 
40 nmeR  , the increment of the PMA of the FM layer beneath the electrode gate 
varies accordingly, as, 0 0 0 0sin[2 ( )] / [2 ( )]uK K πf t t π t t     with 0 100 GHzf  , 
0 1 nst  , and 0K  being the amplitude of the excitation [see Fig. 1(c)], because of the 
VCMA effect [35-38] (see Appendix A for the simulation details). The breathing mode 
is clearly observed under the excitation [see Fig. 2(a)]. Thus, we can determine cf  of 
the breathing mode by performing the fast Fourier transform (FFT) on the skyrmion 
radius ( )R t  [see Appendix A for FFT calculations]. Normally, a greater strength 
causes more prominent oscillation of ( )R t , which also suppresses cf  slightly [see Fig. 
2(b)] because of the increased relaxation distance ( 0 max( ) sa R t R  , defined as the 
maximum derivation from the equilibrium radius sR ). In the MS study, we focus on the 
case of small oscillations, where 0a  is within 4 nm. 
This breathing mode of the skyrmion closely relies on the material properties. For 
instance, MS results of cf  and sR  under different D  and uK  are respectively 
shown in Fig. 2(c) and Fig. 2(d). Significantly, cf  is negatively correlated with sR . 
For quantitative analysis, we firstly numerically solve our theoretical model [Eq. (3)] 
by using Runge-Kutta method to obtain time varying ( )R t , then, the equilibrium 
position sR  can be extracted and the characteristic frequency cf  can be determined 
by conducting FFT for ( )R t . The results shown in Fig. 2(c) and Fig. 2(d) validate the 
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accuracy of our model. Further, the simplified forms of the functions 1( , )G φ R  and 
2 ( , )G φ R (see Appendix C) can be expressed through rough approximations [39,40] for 
energy terms in Eq. (1) in the case of R ≫ ∆. Then, after the first order of approximation 
in Eq. (3), the corresponding static equilibrium solution for sR  and the linear dynamics 
near the equilibrium position for cf  when 0a ≪ sR  can be characterized by (see 
Appendix E), 
 3 2
1 2
,
2 (2 ) ,
s
c s
R C C
f C C πR


 (4) 
where 21 2 1 0(2 ) , ( 2 )s s u sC πγD M C γ M A K πD k μ M      , and 3 sC γA M 
3
2 0 sk γμ M   with 1 0.576k  , and 2 0.158k  . Here, the coefficients 1k  and 2k  are 
derived from the modified DE term [40,41] and the values depend on the film thickness 
( 1 nmft  in our case) (see Appendix C). In the limit of true two-dimensional film 
( 0ft  ), our model converges to the case where 1 0.5k  , and 2 0k  .  The formula 
results [Eq. (4)] in relation with D  and uK  are also shown in Fig. 2(c) and Fig. 2(d) 
and demonstrate good agreement with the MS results, especially for a large sR . More 
importantly, our results are more accurate in comparison with formulas from some 
previous studies (see Discussion). 
As noted in the introduction, DE was often excluded or crudely approximated by 
correcting the anisotropy constant uK  as an effective anisotropy effK , which is 
satisfactory in the limit of 0ft  . However, in practical situations, we find that this 
treatment induces some errors, especially in characterizing the dynamic properties of a 
skyrmion. To clarify, we compare the numerical results of sR  and cf  obtained by 
substituting the anisotropy constant with effK  to solve Eq. (3) with those obtained by 
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separately calculating the DE contributions. Fig. 2 reveals that approximating the DE 
term by using effK  is sufficiently precise to evaluate the static state of a skyrmion, e.g., 
its sR , which may be why this method has been extensively adopted in previous studies. 
In contrast, the approximation is not as suitable in determining the dynamical 
characteristics of the skyrmion, e.g., cf , using this modification. 
Our model is also verified when DE is excluded (see Appendix D). Fig. 2(e) and Fig. 
2(f) display the results of cf  and sR  as a function of D  and uK  in the absence of 
the DE. In this case, formula approximations for cf  and sR  can be readily expressed 
by setting the coefficients 1k  and 2k  equal to zero in Eq. (4). The numerical results of 
Eq. (3) using simplified form of functions 1( , )G φ R  and 2( , )G φ R  are also obtained, 
which show very good agreement with the formula results. However, the errors of the 
formula approximations for cf  compared to the MS results are caused by the 
imprecise estimation of energy contributions related to 1( , )G φ R  and 2( , )G φ R , as 
opposed to the first order of approximation. In specific, the ansatz to describe the 
skyrmion profile, i.e., the circular domain wall ansatz, is well represented for large 
skyrmion sizes ( R ≫ ), but exists some errors for a skyrmion with a size comparable 
to  , thus yielding imprecise approximations for 1( , )G φ R  and 2( , )G φ R . 
Nevertheless, our formula expressions still show higher accuracy than previous studies 
(see Discussion). 
Additionally, the skyrmion can stabilize with a relatively lower D  value in the 
presence of DE. This is easily observed by the reality that 2 0C  , from which we can 
determine the upper limit of D , i.e., the critical value for D , 
  21 02 .c u sD A K k μ Mπ        (5) 
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Therefore, we can obtain the restriction of 24.41 mJ / mD   when DE is excluded 
from the system and 23.78 mJ / mD   when DE is included in the system for 
30.8 MJ / muK   in our simulations. 
 
FIG. 2. Comparative analysis between the results from MS and our theoretical model. 
(a), (b): Comparison between the MS results (blue) and the numerical solutions (yellow) 
of Eq. (3) for the normalized skyrmion radius ( ) /R t   with respect to time in (a) and 
for cf  as a function of 0a  in (b). Here, 
23.4 mJ / mD   and 30.8 MJ / muK  . The 
inset in (b) defines the amplitude of the oscillation 0a . (c), (d): MS results (black), 
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numerical solutions of Eq. (3) using the exact DE (blue), numerical solutions of Eq. (3) 
by including DE with an effective anisotropy ( effK ) (red) and analytical results [Eq. (4), 
dashed lines] for cf  and sR  as a function of D  in (c) and uK  in (d). Functions 
1( , )G φ R  and 2 ( , )G φ R  in Eq. (3) are calculated by using Eq. (A3). (e), (f): MS results 
(black), numerical solutions of Eq. (3) using exact 1( , )G φ R  and 2 ( , )G φ R  [Eq. (A3), 
blue], numerical solutions of Eq. (3) using simplified 1( , )G φ R  and 2 ( , )G φ R  [Eq. 
(A8), orange], and analytical results [Eq. (4), dashed lines] for cf  and sR  as a 
function of D  in (e) and of uK  in (f) when DE is absent. Here, 
30.8 MJ / muK   for 
(c) and (e), 23.4 mJ / mD   for (d) and 23.8 mJ / mD   for (f). Other key parameters 
adopted in simulations are: the exchange stiffness 15 pJ / mA  , saturation 
magnetization 580 kA / msM  . 
 
C. Breathing skyrmion as a modulator. 
We have demonstrated that the breathing frequency cf  of a skyrmion is an intrinsic 
characteristic closely associated with the material properties. To further investigate and 
utilize this property, it is also important to explore the skyrmion dynamics under 
various forms of excitation, such as single-frequency excitation. According to the 
solutions to skyrmion radius of our theoretical model (see Appendix A), the skyrmion 
breathes in hybrid frequencies of the external sine frequency ef  and cf  (see Fig. 3) 
under sine wave voltage excitation. Moreover, the relative amplitude of ef  and cf  in 
the spectrum depends on the value of ef . Specifically, if e cf f , the skyrmion 
breathing typically synchronizes with ef , because the external driving frequency ef  
is dominant. Conversely, if e cf f , the skyrmion is more likely to breath at cf . This 
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phenomenon is very similar to the forced oscillation of a harmonic oscillator: for a 
periodic force applied to a harmonic oscillator, the output signal is a superposition of 
two sine waves with the external forced frequency and the eigen frequency respectively, 
according to the solution of the well-known resonance differential equation. In this 
respect, skyrmion is analogized to a conventional “oscillator” with tunable eigen 
frequency. However, differently in the skyrmion “oscillator”, other prominent 
frequencies can also be discovered in addition to the two main peaks in the frequency 
spectrum, which reveals the “resonant skyrmion” also functions as a “modulator.” 
In conventional AM technology, the frequency spectrum of message signal is shifted 
to a higher frequency band via a radio carrier wave for transmitting information. 
Typically, the frequency of message signal is much lower than the carrier frequency. In 
Fig. 3 (b) and (c), we display the power spectral density (PSD) of skyrmion radius (see 
Appendix A) corresponding to 12 GHzef   and 3 GHzef   respectively in Fig. 
3(a). Here, the input excitation signal is viewed as the message signal, and the skyrmion 
radius variation is the output signal, which can be readily detected by the fluctuations of 
the average perpendicular component of the magnetization in experiment (see 
Appendix F for MS results). In Fig. 3(c) where e cf f , two relative strong peaks with 
frequency c ef f  and c ef f  show the amplitude modulated signal, expressed by, 
 0( ) sin(2 ) sin(2 ),e cS t S πf t πf t    (6) 
with 0S  being the relative amplitude. Here, two other frequency components 2 ef  and 
3 ef  in Fig. 3(c) are harmonic frequencies of message signal, which can be depressed or 
eliminated by a harmonic filter. In comparison with conventional AM where the 
modulation of message signal is realized by using a multiplier via integrated CMOS 
circuits, and the carrier wave is generated by crystal oscillator, this skyrmion 
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“modulator” integrates with the modulation and carrier wave generation functionality, 
thus is more convenient and efficient in applications. For more information about the 
time-domain behaviors of skyrmion and comparisons between the theoretical results 
and the MS results, see Appendix F. 
 
FIG. 3. Theoretical results of Fourier transform spectra of the skyrmion radius under 
single-frequency excitations. (a) The amplitude of the Fourier transform spectrum 
under each excitation frequency is normalized by the corresponding amplitude at the 
position of cf , indicated by the red dashed line. The results are obtained by 
numerically solving Eq. (5). PSD of skyrmion radius at ef  = 12 GHz and ef  = 3 GHz 
are shown in (b) and (c), respectively. The two circles in (c) correspond to the amplitude 
modulated signal. 
 
We also investigate the skyrmion dynamics under sine excitation with frequency 
close to the skyrmion characteristic frequency. In this case, the resonant oscillation of 
the skyrmion is expected to be seen. Here, the amplitude of the excitation sine wave is 
set to a very small value compared to those in Fig. 3(a) to avoid the wild oscillation or 
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destruction of the skyrmion (see Appendix A). Both the numerical solutions of Eq. (3) 
and MS results are discussed in the following. Interestingly, instead of showing the 
resonant oscillation phenomenon, the variation of ( ) /R t   is packaged by a periodic 
wave with a lower frequency [see Fig. 4(a)]. The fluctuant range of the radius ( )R t  is 
~6 nm, despite the very low strength of the excitation signal. The fluctuations of the 
average perpendicular component of the magnetization ( ) ( ) (0)z z zδm t m t m  , 
where (0)zm  is the equilibrium state and the angular bracket denotes the spatial 
average of the magnetization, is also shown in Fig. 4(b). It is apparent that ( )zδm t  and 
( ) /R t   show consistent patterns, which are also identified from the corresponding 
PSD in Fig. 4(c). In the middle of the PSD, a peak exists very near the position of the 
frequency ef , indicating that the exact characteristic frequency cf  has shifted slightly 
towards a smaller value because of the relatively large oscillation [see relation between 
cf  and 0a  in Fig. 2(b)]. Two additional distinct peaks appearing on both sides, 
corresponding to the values of c ef f  and c ef f , is the modulated signal, similar to 
the case in Fig. 3(c). The package frequency in Fig. 4(a) and Fig. 4(b) is actually related 
to c ef f . This phenomenon demonstrates vividly that the skyrmion itself is able to 
carry information by linear superposition of input signal and the excited eigen signal. 
The skyrmion also shows a type of “swing” behavior. Specifically, the symmetry axis 
of the magnetization projecting in the xy plane rotates back and forth during the 
breathing process [see Fig. 4(d)]. This phenomenon arises from the magnetization 
variations along the radial direction, i.e., the angles φ  are inconsistent because of the 
drastic changes in the skyrmion radius. Through the analysis above, the resonant 
skyrmion functions as an oscillator as well as a modulator, thus is expected to achieve 
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device miniaturization for the promising prospect in future communication system. 
 
FIG. 4. Skyrmion dynamics in excitation by sine-wave voltage ( 7.342 GHze cf f  ). 
(a) MS results (black) and numerical solutions of Eq. (3) (yellow) for ( ) /R t  . The 
inset shows the detailed view between 1 ns and 2 ns. (b) MS results of ( )zδm t . (c) PSD 
for ( )R t  from MS (black) and numerical solutions of Eq. (3) (orange), as well as for 
( )zδm t . (d) Variation of skyrmion profile (magnetization in x direction) from time 0t  
to time 1t  [indicated in (a)] and from time 1t  to time 2t  [indicated in (a)] in the 
breathing process. The red dashed line indicates the symmetry axis of the skyrmion 
profile, which rotates slightly compared to the equilibrium state. 
 
III. Discussion 
Up to now, we have discussed the formula approximation for the characteristic 
frequency cf  of the skyrmion breathing mode. For greater clarification, we further 
compare the results from our formula approximations with those from previous 
research. In Ref. [16], the normalized characteristic frequency cf
  and the skyrmion 
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radius sR
  obey the simple relation 2 1c sπf R
   , where we obtain 1c sf R
 . This 
result is obtained when the DMI energy contribution is excluded and the skyrmion 
radius is tuned by the drive current. In Ref. [22], the normalized frequency cf
  is 
characterized by 21 (2 1 ) 1c s s sf π R R R
        with sR  being normalized. 
Meanwhile, in our studies, derived from Eq. (4), the relation between cf  and sR  is 
expressed as 2 4 6( ) 1/ ( ) 0.5 ( )c s s sf γA π M R R     , from which we determine 
4 61/ 1/ (2 )c s sf R R
   . If the skyrmion radius is assumed to be sufficiently large, we 
obtain 21c sf R
 , which is the same with that in Ref. [22]. Note that the 
normalizations used in different studies are different. A comparison for the case of DE 
inclusion is also shown in Fig. 5(b). In brief, the results in Fig. 5 demonstrate the 
relatively higher accuracy and generality of our formula approximation. 
 
FIG. 5. Comparisons of cf  between the results from our analytical results and those 
from previous literatures. (a) Calculations of cf  as a function of sR  by using our 
analytical results (green) of Eq. (4), formulas from Ref. 16 (blue) and Ref. 21 (orange) 
in the absence of DE in (a) and in the presence of DE in (b), respectively. The black 
curves show the MS results. The dashed line in (b) indicates the analytical results of Eq. 
(4), where DE is considered by using effK . Note that sR  is varied by changing the 
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DMI constant, corresponding to Fig. 2(c) and Fig. 2(e). 
IV. Conclusion 
To conclude, we have studied skyrmion dynamics under voltage excitation by using 
the VCMA effect. The skyrmion breathing behaviors were systematically investigated 
via both MS and our theoretical model. Our model not only provides very exact 
numerical solutions for the time-dependent skyrmion radius regardless of the form of 
excitation, but also yields corresponding analytical solutions, which are more accurate 
and robust than those from previous studies. In addition, the AM functionality of a 
skyrmion has also been investigated, which shows great applicability potential in future 
communication systems, and may provide guidance for the design of skyrmion-based 
high-frequency magnonic devices. 
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APPENDIX A: SIMULATION METHODS 
Micromagnetic simulations (MS) are performed by using the 
graphics-processing-unit-based tool MuMax3 [42]. The default mesh size of 1.5625 
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nm× 1.5625 nm× 1 nm is used in our simulations. We adopted the following material 
parameters in our simulations: the exchange stiffness 15 pJ / mA  , saturation 
magnetization 580 kA / msM   and default PMA constant of the FM layer 
30.8 MJ / muK  [8,11,16]. In addition, we set the VCMA coefficient ξ  as 
-1 -1100 fJ V m based on recent experiments [35-38]. Here the typical thickness of the 
insulating layer is 1 nm. Under these conditions, with an applied voltage of 0.1 V (an 
electric field of 0.1 V/nm ), PMA constant in FM layer will change 310 kJ / m , which is 
about 1.25% of the PMA change. In the case where the DE is not included, the 
maximum amplitude of the variation of the PMA of the FM layer in excitation with the 
sinc voltage is 30 0.1 MJ/mK  , which corresponds to an applied voltage of 1 V . 
Considering the effect of the demagnetization field in decreasing the degree of varying 
the magnetization in the z  axis, the maximum amplitude of the excitation pulse  
3
0 0.08 MJ/mK   (corresponding to 0.8 V) is consequently used to ensure the small 
oscillations of the skyrmion in the case where DE is included. 
In terms of the single frequency excitation case, based on our analytical model, we 
firstly calculated the variations of the skyrmion radius in excitation with voltages with 
different ef  by solving Eq. (5), where uK  is set as 0 sin(2 )u eK K πf t  with 
3
0 0.01 MJ/mK   when 3 GHz (< ) ,12 GHz (> )e c cf f f  and 30 0.001 MJ/mK 
when 7.342 GHze cf f  , then the Fourier transform spectrum is obtained by 
performing the Fast Fourier transforms. 
In our simulations, the variation of the skyrmion radius ( )R t  and the average 
magnetization ( )zm t  are extracted for over 20 periods and the sampling frequency 
sf  is 250 GHz , which satisfies the Nyquist sampling theorem ( 02 sf f ). Then, the 
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Fast Fourier transforms (FFT) is performed as, 0( ) ( ( ) ( ))
n
mn
n Nt
F m s t s t W   , where 
20,1, 1,  j π NNm N W e
  ，  with N  being the transformation point and 
( ) ( )n ns t R t  or ( )z nm t . Thus, we can obtain the Fourier transform spectrum ( )F f , 
from which cf  is determined by the position of the maximum peak. The power 
spectrum density (PSD) is computed by using the normalized spectrum 
( ) ( ) ( )cF f F f F f
  , as, 
2
PSD log ( )F f . 
 
APPENDIX B: DERIVATION OF THE THEORETICAL MODEL 
For a skyrmion centered at a point 0r , the polar and azimuthal angles θ  and   
of the magnetization at r can be described by [10], 
 ( ) ,v hθ r Qθ Q  ，   (A1) 
with vQ  being the vorticity number ( 1vQ   for a skyrmion, 1vQ    for an 
antiskyrmion) and hQ  being the helicity number ( 0hQ   or π  for the Néel-type 
skyrmion and 2hQ π   for the Bloch-type skyrmion). In our simulations, a 
Néel-type skyrmion is adopted. For a free skyrmion in a nanostructure, the skyrmion 
profile is described by the circular domain wall ansatz [31-34] [see Fig. 1(d)], 
 cos tan , ,h s χr Rθ φ   
  
 
 (A2) 
which has been experimentally used to determine the skyrmion profile. Here, sR , φ  
and   denote the equlibrium skyrmion radius, the azimuthal angle of the 
magnetization m  relative to the radial direction and domain wall width, respectively. 
It should be noted that the radial coordinate r and the (real space) polar angle χ  
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correspond to the polar coordinates [see Fig. 1(b)]. The excitation of the breathing 
mode of skyrmion can be described by considering the time-dependent skyrmion radius 
( )R t  and angle ( )φ t , which is assumed to keep consistent along the radial direction of 
skyrmion, in the vicinity of their equilibrium positions ( ) sR t R  and ( ) 0φ t  . 
Inserting the time-varying ansatz of Eq. (A2) into Eq. (2), we consequently obtain the 
coupled differential equations after a 2D integration over the whole FM layer, as 
displayed in Eq. (3), where the functions 1( , )G φ R  and 2( , )G φ R  lead the following 
forms, 
 
1 2
0
2 2
0
( , ) ,
sin
( , ) .
sin
f
f
σ RG φ R
t θrdr
σ φG φ R
t θrdr


 
 


  (A3) 
Here, the total energy 2ex DM d( , ) (1 )  f f u zσ σ R φ t εdS t Aε Dε K m ε dS          , 
which can be numerically integrated by substituting the skyrmion profile ansatz [Eq. 
(A2)] into the integrand. We noticed other method has also been developed to derive the 
skyrmion breathing behavior, instead, based on Hamiltonian mechanics [23], which 
verifies our results. 
 
APPENDIX C: CALCULATION OF FUNCTIONS 1( , )G φ R  AND 2( , )G φ R  
Calculations of the functions 1( , )G φ R  and 2( , )G φ R  involve the integration of the 
total energy density ε  over the system, which is difficult to express analytically. 
However, it is possible to approximate it by separate integration of each energy 
contribution in the case of R ≫  as [39-40], 
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 ex ex 4 ( ),f fE t A ε dS πAt R R       (A4) 
 DM DM 4 ( cos 2),f fE t D ε dS πDt πR φ     (A5) 
 2an (1 ) 4 ,f u z u fE t K m dS πK t R      (A6) 
 2 2d d,s d,v 0 1 24 ( ).s fE E E πμ M t k R k R          (A7) 
Note that the stray field energy dE  consists of surface stray field energy ( d,sE ) and 
volume stray field energy ( d,vE ). In the limit of ultra-thin films, surface stray field acts 
as an effective anisotropy of strength -1/2μ0Ms2 and volume stray field is negligible. 
The full stray field integral can be found in Ref. [40, 43-45]. In our case, only d,sE  is 
taken into consideration for simplicity when simplifying functions 1( , )G φ R  and 
2( , )G φ R . Specifically, 
2 2
d,s 04 s f sE πμ M t I    involves highly non-trivial integrals in 
sI [40], which relies on skyrmion radius R  and film thickness ft . The coefficients 1k  
and 2k  in Eq. (A7) is obtained by fitting the integrals of sI  when 1 nmft  . 
Therefore, the functions 1( , )G φ R  and 2( , )G φ R  can be expressed as, 
 
 
 
2 2 1 2
1 02 3 2 3
2
1 1 cos, ,
2
, sin ,
u
s
K k kπD φG φ R A μ M
R R R R R R
πDG φ R φ
                


  (A8) 
where the width effA K   and 0μ  is the magnetic vacuum permeability. 
 
APPENDIX D: NUMERICAL SOLUTION OF EQ. (3) IN THE ABSENCE OF 
DE 
In Fig. 2(a) in the main text, we show the accuracy of numerical solutions of Eq. (3) 
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via numerically integrating each energy term to calculate functions 1( , )G φ R  and 
2( , )G φ R . Here, we display the corresponding results in the absence of DE [see Fig. 
6(a)]. Besides, a larger oscillation amplitude 0a  will drop down cf  a little [see Fig. 
6(b)], similar to Fig. 2(b) in the main text. 
 
FIG. 6. Comparison between the MS results (blue) and the numerical solutions (yellow) 
of Eq. (3) for the normalized skyrmion radius ( ) /R t   with respect to time in (a) and 
for cf  as a function of 0a  in (b) in the absence of DE. Here, 
23.8 mJ / mD   and
30.8 MJ / muK  . 
 
APPENDIX E: ANALYTICAL SOLUTION OF QUATION (3)  
To determine the analytical solution of Eq. (3), we consider an approximate solution 
with the form of 0( ) sin(2 )sR t R a πft   based on the oscillation behaviour of 
skyrmion. Taking this form of ( )R t  and the Eq. (A8) into the Eq. (3), we are able to 
determine sR  and cf  after the first order of approximation as, 
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  
3 2
2 4 4 2 2 2 2
2 0 1 2 2 04
,
1 2 ,
2
s
c s
s
R C C
f C a R C C C a
π R

  
  (A9) 
where 21 2 1 0(2 ) , ( 2 )s s u sC πγD M C γ M A K πD k μ M      , and 3 sC γA M 
3
2 0 sk γμ M   with 1 0.576k   and 2 0.158k  . If the oscillation amplitude 0 0a  , 
we can obtain the Eq. (4) in the main text. Actually, cf  drops down a little if 0a  is set 
as a positive value, which shows accordance with the result in Fig. 1(b) in the main text 
and Fig. 6(b) (see Fig. 7). 
 
FIG. 7. cf  as a function of sR  for various 0a  by using Eq. (A9). Here, sR  is varied 
by changing the DMI constant from 22.8 mJ / mD   to 23.6 mJ / mD  , the range of 
which is the same with that in Fig. 2(c) in the main text. 
 
APPENDIX F: SKYRMION DYNAMICS UNDER SINE WAVE EXCITATION  
In the main text, we have discussed in detail the skyrmion dynamics under a voltage 
with frequency 7.342 GHze cf f  . Here, we examine the behaviours of skyrmion 
when ef  is set as 3 GHz (< )cf  and 12 GHz (> )cf  respectively.  
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In Fig. 8, we show the fluctuations of ( )zδm t  and ( ) /R t   as well as the 
corresponding PSD. It is found that our theoretical results show good agreement with 
MS results. Analyzing from the PSD, the overall response signal ( )S t  of the skyrmion 
dynamics [ ( )zδm t  and ( ) /R t  ] can be expressed as a superposition of the excitation 
signal ( ef ), characteristic signal ( cf ) and the multiplication signal, 
  1 2 3( ) sin(2 ) 1 sin(2 ) sin(2 ),e c eS t S πf t S πf t S πf t     (A10) 
where 1 2,S S  and 3S  are relative amplitudes. In the case where 3 GHz (< )e cf f , the 
response signal contains the modulated signal of the excitation signal with frequency 
ef  by the characteristic signal with frequency cf , leading to the two distinct peaks 
with frequencies c ef f  and c ef f  in the PSD. Here the two other frequency 
components 2 ef  and 3 ef  in the PSD are harmonic frequencies of message signal, 
which can be depressed or eliminated by a harmonic filter. Case is similar when 
12 GHz (> )e cf f , except that the role of carrier wave and message wave replace with 
each other. 
24 
 
 
FIG. 8. Skyrmion dynamics under sine-wave excitations ( 3 GHz (< ),e cf f
12 GHz (> )cf ). MS results of the fluctuations of ( )zδm t  in (a) ( 3 GHzef  ) and (d) 
( 12 GHzef  ). MS results (black) and theoretical results (yellow) of the variation of 
( ) /R t   in (b) ( 3 GHzef  ) and (e) ( 12 GHzef  ). PSD of the variation of ( )R t  
from MS (black) and theoretical results (orange), as well as ( )zδm t  (blue) in (c) 
( 3 GHzef  ) and (f) ( 12 GHzef  ). The insets in (b) and (e) show the detailed views 
between 0 ns and 1 ns. 
 
REFERENCES 
[1] S. Mühlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch, A. Neubauer, R. Georgii and 
P. Böni, Skyrmion lattice in a chiral magnet, Science 323, 915 (2009). 
25 
 
[2] X. Z. Yu, N. Kanazawa, Y. Onose, K. Kimoto, W.  Zhang, S. Ishiwata,Y. Matsui and Y. 
Tokura, Near room-temperature formation of a skyrmion crystal in thin-films of the 
helimagnet FeGe, Nat. Mater. 10, 106 (2011). 
[3] R. Wiesendanger, Nanoscale magnetic skyrmions in metallic films and multilayers: a 
new twist for spintronics, Nat. Rev. Mater. 1, 16044 (2016). 
[4] S. S. P. Parkin, M. Hayashi and L. Thomas, Magnetic domain-wall racetrack memory, 
Science 320, 190 (2008). 
[5] A. Fert, V. Cros, and J. Sampaio, Skyrmions on the track, Nat. Nanotechnol. 8, 152 
(2013). 
[6] R. Tomasello, E. Martinez, R. Zivieri, L. Torres, M. Carpentieri and G. Finocchio, A 
strategy for the design of skyrmion racetrack memories, Sc. Rep. 4, 6784 (2014). 
[7] X. Zhang, Y. Zhou, M. Ezawa, G. P. Zhao, and W. Zhao, Magnetic Skyrmion transistor: 
Skyrmion motion in a voltage-gated nanotrack, Sci. Rep. 5, 11369 (2015). 
[8] S. Luo, M. Song, X. Li, Y. Zhang, J. Hong, X. Yang, X. Zou, N. Xu, and L. You, 
Reconfigurable Skyrmion Logic Gates, Nano Lett. 18, 1180 (2018). 
[9] X. Chen, W. Kang, D. Zhu, X. Zhang, N. Lei, Y. Zhang, Y. Zhou and W. Zhao, A 
compact skyrmionic leaky–integrate–fire spiking neuron device, Nanoscale 10, 6139 
(2018). 
[10] N. Nagaosa and Y. Tokura, Topological properties and dynamics of magnetic 
skyrmions, Nat. Nanotechnol. 8, 899 (2013). 
[11] J. Sampaio, V. Cros, S. Rohart, A. Thiaville and A. Fert, Nucleation, stability and 
current-induced motion of isolated magnetic skyrmions in nanostructures, Nat. 
Nanotechnol. 8, 839 (2013). 
26 
 
[12] W. Kang, Y. Huang, X. Zhang, Y. Zhou and W. Zhao, Skyrmion-Electronics: An 
Overview and Outlook, Proc. IEEE. 104, 2040 (2016). 
[13] C. Schütte and M. Garst, Magnon-skyrmion scattering in chiral magnets, Phys. Rev. B 
90, 094423 (2014). 
[14] S.-Z. Lin, C. D. Batista, and A. Saxena, Internal modes of a skyrmion in the 
ferromagnetic state of chiral magnets, Phys. Rev. B 89, 024415 (2014). 
[15] M. Mruczkiewicz, M. Krawczyk, and K. Y. Guslienko, Spin excitation spectrum in a 
magnetic nanodot with continuous transitions between the vortex, Bloch-type skyrmion, 
and Néel- type skyrmion states, Phys.Rev.B 95, 094414 (2017). 
[16] Y. Zhou, E. Iacocca, A.A. Awad, R.K. Dumas, F.C. Zhang, H.B. Braun, and J. Åkerman, 
Dynamically stabilized magnetic skyrmions, Nat. Commun. 6, 8193 (2015). 
[17] J. V. Kim and F. Garcia-Sanchez, J. Sampaio, C. Moreau-Luchaire, V. Cros, A. Fert, 
Breathing modes of confined Skyrmions in ultrathin magnetic dots, Phys. Rev. B 90, 
064410 (2014). 
[18] J. Kim, J. Yang, Y.J. Cho, B. Kim, and S.K. Kim, Coupled breathing modes in 
one-dimensional Skyrmion lattices, J. Appl. Phys. 123, 053903 (2018). 
[19] G. Finocchio, M. Ricci, R. Tomasello, A. Giordano, M. Lanuzza, V. Puliafito, P. 
Burrascano, B. Azzerboni, and M. Carpentieri, Skyrmion based microwave detectors 
and harvesting, Appl. Phys. Lett. 107, 262401 (2015). 
[20] M. Mochizuki, Spin-Wave Modes and Their Intense Excitation Effects in Skyrmion 
Crystals, Phys. Rev. Lett. 108, 017601 (2012). 
[21] Y. Onose, Y. Okamura, S. Seki, S. Ishiwata, and Y. Tokura, Observation of Magnetic 
Excitations of Skyrmion Crystal in a Helimagnetic Insulator Cu2OSeO3, Phys. Rev. 
27 
 
Lett. 109, 037603 (2012). 
[22] V.P. Kravchuk, D.D. Sheka, U.K. Rößler, J. vandenBrink, and Y. Gaididei, Spin 
eigenmodes of magnetic skyrmions and the problem of the effective skyrmion mass, 
Phys. Rev. B 97, 064403 (2018). 
[23] B. F. McKeever, D. R. Rodrigues, D. Pinna, A. Abanov, J. Sinova, and K. 
Everschor-Sitte, Characterizing breathing dynamics of magnetic (anti-)skyrmions 
within the Hamiltonian formalism, Phys. Rev. B 99, 054430 (2019). 
[24] H. Ohno, D. Chiba, F. Matsukura, T. Omiya, E. Abe, T. Dietl, Y. Ohno, and K. Ohtani, 
Electric-field control of ferromagnetism, Nature 408, 944 (2000). 
[25] H. Ohno, A window on the future of spintronics, Nat. Mater. 9, 952 (2010).  
[26] M. A. Azam, D. Bhattacharya, D. Querlioz, and J. Atulasimha, Resonate and Fire 
Neuron with Fixed Magnetic Skyrmions, J. Appl. Phys, 124, 152122 (2018). 
[27] M. Schott, A. Bernand-Mantel, L. Ranno, S. Pizzini, J. Vogel, H. Béa, C. Baraduc, S. 
Auffret, G. Gaudin, and D. Givord, The skyrmion switch: Turning magnetic skyrmion 
bubbles on and off with an electric field, Nano Lett. 17, 3006 (2017). 
[28] P.-J. Hsu, A. Kubetzka, A. Finco, N. Romming, K. von Bergmann, and R. 
Wiesendanger, Electric-field-driven switching of individual magnetic skyrmions, Nat. 
Nanotechnol. 12, 123 (2016). 
[29] Y. Liu, N. Lei, C. Wang, X. Zhang, W. Kang, D. Zhu, Y. Zhou, X. Liu, Y. Zhang, and W. 
Zhao, Voltage-Driven High-Speed Skyrmion Motion in a Skyrmion-Shift Device, Phys. 
Rev. Appl. 11, 014004 (2019). 
[30] C. Ma, X. Zhang, J. Xia, M. Ezawa, W. Jiang, T. Ono, S. N. Piramanayagam, A. 
Morisako, Y. Zhou, and X. Liu, Electric Field-Induced Creation and Directional Motion 
28 
 
of Domain Walls and Skyrmion Bubbles, Nano Lett. 19, 353 (2019). 
[31] A. Bogdanov and A. Hubert, Thermodynamically stable magnetic vortex states in 
magnetic crystals, J. Magn. Magn. Mater. 138, 255 (1994). 
[32] A. Kubetzka, O. Pietzsch, M. Bode, and R. Wiesendanger, Spin-polarized scanning 
tunneling microscopy study of 360° walls in an external magnetic field, Phys. Rev. B 67, 
020401(R) (2003). 
[33] S. Rohart and A. Thiaville, Skyrmion confinement in ultrathin film nanostructures in 
the presence of Dzyaloshinskii-Moriya interaction, Phys. Rev. B 88, 184422 (2013). 
[34] N. Romming, A. Kubetzka, C. Hanneken, K. von Bergmann, and R. Wiesendanger, 
Field-Dependent Size and Shape of Single Magnetic Skyrmions, Phys. Rev. Lett. 114, 
177203 (2015). 
[35] W. Skowro´ nski, T. Nozaki, Y. Shiota, S. Tamaru, K. Yakushiji, H. Kubota, A. 
Fukushima, S. Yuasa, and Y. Suzuki, Perpendicular magnetic anisotropy of 
Ir/CoFeB/MgO trilayer system tuned by electric fields, Appl. Phys. Express 8, 53003 
(2015). 
[36] X. Li, K. Fitzell, D. Wu, C. T. Karaba, A. Buditama, G. Yu, K. L. Wong, N. Altieri, C. 
Grezes, N. Kioussis, S. Tolbert, Z. Zhang, J. P. Chang, P. Khalili Amiri, and K. L. Wang, 
Enhancement of voltage-controlled magnetic anisotropy through precise control of Mg 
insertion thickness at CoFeB|MgO interface, Appl. Phys. Lett. 110, 52401 (2017). 
[37] T. Nozaki, A. Koziol-Rachwal, W. Skowronski, V. Zayets, Y. Shiota, S. Tamaru, H. 
Kubota, A. Fukushima, S. Yuasa, and Y. Suzuki, Large Voltage-Induced Changes in the 
Per- pendicular Magnetic Anisotropy of an MgO-Based Tunnel Junction with an 
Ultrathin Fe Layer, Phys. Rev. Appl. 5, 044006 (2016). 
29 
 
[38] A. Kozioł-Rachwał, T. Nozaki, K. Freindl, J. Korecki, S. Yuasa, and Y. Suzuki, 
Enhancement of perpendicular magnetic anisotropy and its electric field-induced 
change through interface engineering in Cr/Fe/MgO, Sci. Rep. 7, 5993 (2017). 
[39] X.S. Wang, H.Y. Yuan, and X.R. Wang, A theory on skyrmion size and profile, 
Commun. Phys. 1, 31 (2018). 
[40] F. Büttner, I. Lemesh, and G.S.D. Beach, Theory of isolated magnetic skyrmions: From 
fundamentals to room temperature applications, Sci. Rep. 8, 4464 (2018). 
[41] A. Siemens, Y. Zhang, J. Hagemeister, E.Y. Vedmedenko, and R. Wiesendanger, 
Minimal radius of magnetic Skyrmions: Statics and dynamics, New J. Phys. 18, 045021 
(2016). 
[42] A. Vansteenkiste, J. Leliaert, M. Dvornik, M. Helsen, F. Garcia-Sanchez, and B. Van 
Waeyenberge, The design and verification of MuMax3, AIP Adv. 4, 107133 (2014). 
[43] N. S. Kiselev, A. N. Bogdanov, R. Schäfer, and U. K. Rößler, Chiral skyrmions in thin 
magnetic films: new objects for magnetic storage technologies?, J. Phys. D: Appl. Phys. 
44, 392001 (2011). 
[44] K. Y. Guslienko, Skyrmion State Stability in Magnetic Nanodots With Perpendicular 
Anisotropy, IEEE Magn. Lett. 6, 4000104 (2015). 
[45] Y.-O. Tu, Determination of Magnetization of Micromagnetic Wall in Bubble Domains 
by Direct Minimization, J. Appl. Phys. 42, 5704 (1971). 
 
